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Provenance of lead (Pb) in soils in the urban area of Mt Isa, Australia 
 
 
Abstract 
 
This paper integrates more than 50 years of geological, geochemical and environmental 
research relevant to the Pb content of soils in Mt Isa to clarify the role of soil as a potential 
pathway for Pb exposure to local residents. Most of Mt Isa is underlain by thin residual soils 
that formed by weathering of the Proterozoic Mt Isa Group (MIG). The MIG contains 
carbonate and volcaniclastic sedimentary rocks largely derived from contemporaneous and 
earlier cycles of igneous activity and minor detritus from an Archean basement. The upper 
part of the MIG contains stratiform Pb ore deposits that are about 1650 Ma old. 
Deformation and erosion have exposed these rocks to weathering and soil forming 
processes several times since the Proterozoic, with the current landform developing over 
the last 20 Ma. Soil formation has generally depleted Pb from the subsoil and enriched the 
top soil. Pb has been widely distributed to the northwest and north of the city in wind-
blown dust and water runoff from outcrops of oxidised ore for millions of years. Additional 
Pb emissions from smelting commenced at Mt Isa in 1931. Most of the urban area receives 
50 to 100 mg/m2/yr of Pb from dust deposition and some of this is resuspended or washed 
away. Additional Pb in mine waste rock and contaminated river sand was brought into the 
residential area as fill or for sandpits. The Mt Isa community is exposed to Pb in air at levels 
regulated to minimise health effects of inhalation and ingestion. The observed Pb levels in 
air generally correlate with distance from the mine but not with the distribution of children 
with elevated blood Pb levels. Geological evidence of anomalous soil Pb derived from 
underlying layers of mineralised rock may partly explain the observed blood Pb distribution. 
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1. Introduction 
 
The Mount Isa Inlier (MII) is Australia’s major Pb producing region. Figure 1 shows the 
location of Mt Isa and other large economic Pb deposits in relation to the geological 
domains exposed in the MII and the extension of those domains below the surrounding 
cover rocks as established by geophysical trends (Hutton and Withnall, 2013). Table 1 
summarises past production and current mineral resource estimates for these deposits 
which occur in late Palaeoproterozoic metamorphosed and structurally deformed rocks that 
have Pb isotope ages very close to 1650 Ma (Table 1).  
 
Mt Isa, a city with a population of 22 000, is the commercial centre of the region. It has a 
semi-arid tropical climate with a mean annual rainfall of 430 mm that mostly falls in January 
and February, and annual evaporation of 3660 mm (BOM, 2012). It is located immediately 
east of the mine and smelters and is underlain by Mt Isa Group (MIG) rocks. The Mt Isa Pb-
Zn deposit was discovered in 1923. Pb and Cu smelting commenced in 1931 and 1943 
respectively (Carter et al., 1961). Zn concentrates are exported for refining. Pb poisoning of 
workers was common in the 1920s and 1930s until industrial hygiene was improved 
(Berkman, 1996). Continued improvement included the Air Quality Control (AQC) system 
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was introduced in 1972 to restrict smelter operations during unfavourable weather 
conditions (Under Secretary for Mines, 1973).  
 
Between 1992 and 1994, blood testing of 101 children who were <5 years old found the 
arithmetic mean blood Pb level (BLL) was 10.9 µg/dL and that 36.7% had BLL >10 µg/dL 
(Queensland Health, 2008). Systematic blood Pb testing of children <5 years old in 2006/7 
and 2010 showed that the geometric mean and proportion >10 µg/dL decreased from 4.97 
µg/dL to 4.27 µg/dL and from 11.3% to 4.8%, respectively (Queensland Health, 2008; 2011). 
Figure 2 shows where the children who participated in the two surveys lived. The apparent 
lack of correlation between children with elevated BLL and distance from the Pb smelter is 
evident. Household audits for 43 children with elevated BLL (Queensland Health, 2008) 
identified bare ground, pets, mouthing behaviours, interior dust and sand pits as the most 
common potential exposure factors and found that approximately one third of soil samples 
from the homes of these children exceeded the Domestic Health Investigation Level (HIL) of 
300 mg/kg (NEPC, 2013). Mackay et al. (2013) and Taylor et al. (2014) emphasised air 
emissions as the source of Pb exposure and rejected natural mineralisation or other factors 
as major sources. They provided no additional health risk assessment. The Lead Pathways 
Study (Noller et al., 2009; 2012; 2017) involved an extensive health risk assessment of 
potential exposure routes.  
 
This paper considers natural and anthropogenic sources of Pb in the soils in Mount Isa. It 
presents a model of the palaeogeography during deposition of the MIG and explains the 
origin of minor layers of Pb mineralisation within the urban area and how soil-forming 
processes formed caused surface enrichment of Pb. It also examines anthropogenic 
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processes that have introduced additional Pb, especially in dust. The paper shows that 
natural soil anomalies provide potential Pb exposure pathways in the community.  
 
 
Mine Age  
(Myr) 
Year of 
Discovery 
Production to June 
2016 
Remaining Potential Mineral 
Resources (June 2016) 
Years Pb 
(Mt) 
Resource 
(Mt) 
Grade 
(% Pb) 
Pb 
(Mt) 
Mount Isa  1652 1923 1924-
continuing 
7.1 376 2.7 11.2 
Cannington 1665 1990 1997-
continuing 
4.1 95 4.5 3.9 
Hilton & 
George 
Fisher 
1654 1948 1989- 2002 
2000-
continuing 
1.5 310 3.4 11.6 
Century 1575 1990 1999-2015 1.1 16 3.3 0.5 
Lady Loretta 1647 1969 2012-2015 0.1 10 5.4 0.6 
Dugald River 1670 1872 2018? 0 56 2.1 1.2 
 
Table 1.  Major lead mines in the Mount Isa Inlier. 
Data sources: age of ore (Page and Sweet, 1998; Giles and Nutman, 2003; Polito et al., 2006; 
Huston et al., 2006), production and estimated mineral resource (von Gnielinski, 2017).  
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Figure 1 – Geological domains and major Pb mines in the Mt Isa Inlier (modified from Hutton 
and Withnall, 2013). 
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2. Materials and methods 
 
The literature on the geology and geochemistry of the MII and studies of soil forming 
processes are reviewed to establish the natural distribution of Pb in the soils. Systematic 
geological mapping of the region by the Bureau of Mineral Resources (BMR) and the 
Geological Survey of Queensland (GSQ) was conducted between 1954 and 1958 (Carter et 
al., 1961), and refined through detailed (1:100 000 scale) geological mapping by joint BMR-
GSQ teams during the 1970s (e.g. Hill et al., 1975; Derrick et al., 1977; Blake, 1987). 
Continuing studies by Geoscience Australia (formerly BMR), GSQ, university researchers and 
mining company geologists have enhanced the geological and tectonic understanding of the 
region. The geological data have been summarised by Hutton and Withnall (2013).  
 
Extensive mineral exploration surveys have been undertaken in the region by mining 
companies since the 1940s. Summaries of exploration prior to 1975 covering Mount Isa city 
and areas to the east and west were published by Derrick et al. (1977) and Wilson (1977). All 
open file (i.e. non-confidential) mineral exploration reports are now available through the 
Queensland Digital Exploration Reports System (QDEX) (DNRM, 2016). 
 
During the 1960s, CSIRO conducted soil surveys across Australia and produced the Atlas of 
Australian Soils (Northcote et al., 1968). Their soil classification was updated by Isbell 
(2016). The mapping is accessible on the CSIRO website (ASRIS, 2014). Recent studies of 
regolith in the region targeted areas with mineral potential (Anand et al., 2002a; 
Vasconcelos, 2002) and included geochemical and isotopic studies.  
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Figure 2. Geographic distribution of the homes of children who participated in the 2006/7 
and 2010 blood Pb surveys showing those with elevated levels (Queensland Health, 2011). 
Note that five children tested in 2006/7 lived to the east of the map area, one to the north 
and one to the south. Two children tested in 2010 lived outside the map area. All these 
children had BLL <10 µg/dL. 
 
The geochemistry of soil and bedrock has been studied by government officers (Debnam, 
1954-55; Wilson et al., 1985; Sadler et al., 1990); mining companies (Finlow-Bates, 1977; 
Robertson, 1979); and university researchers (Wilson, 1983; Taylor et al., 2010; Mackay et 
al., 2013). Anthropogenic effects on soils in the region have been studied by Parry (2000) 
and Noller et al. (2009, 2017). The most recent of these papers used x-ray absorption near-
edge spectroscopy (XANES), undertaken at the synchrotron in Tsukuba, Japan, to identify 
the Pb compounds in various soil and dust samples.  
 
Studies of Pb isotopes in the MII have improved the age constraints on geological events 
and provided evidence of the provenance of Pb. The precision of the analytical tools has 
greatly improved in recent decades. The relative standard deviation (RSD = sample standard 
deviation/sample mean) for Pb isotopic ratios obtained from earlier thermal ionising mass 
spectrometers (TIMS) were typically between 0.008% (Page, 1978) and 0.02% (Gulson et al., 
1983). The RSD for ratios from sensitive high-resolution ion microprobe (SHRIMP) analyses 
by Neumann et al. (2006) were typically near 0.5%. The induction coupled plasma mass 
spectrometer (ICP-MS) results of Mackay et al. (2013) typically have an RSD of 0.5% and 
Noller et al. (2017) obtained RSDs near 0.002% from multi-collector ICP-MS equipment at 
the University of Queensland. Similar improvements in the measurement of U/Pb ratios 
have reduced the RSD for age determinations from about 0.5% (Page, 1978) to 0.02% 
(Neumann et al., 2006). 
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Studies of potential environmental and health effects of mining activities at Mt Isa have 
been undertaken by Parry (2000), Queensland Health (2008; 2011), EPA (2008), Taylor et al. 
(2010; 2014), Mackay et al. (2013) and Noller et al. (2009; 2012; 2017). 
 
 
3. Results and discussion  
 
3.1 Geology 
 
The MII comprises Palaeoproterozoic rocks (Figure 3) that originally formed near the 
northeastern margin of the North Australian Craton (NAC) between 2750 and 1590 Ma 
(McDonald et al., 1997; Betts et al., 2013). The early sedimentary and igneous rocks were 
deformed and metamorphosed during the Barramundi Orogen (1870-1840 Ma) which was 
accompanied by felsic volcanics and granites with calcalkaline characteristics (Wilson, 1978; 
McDonald et al., 1997; Bierlein and Betts, 2004). These metamorphic and igneous rocks are 
exposed in the north-trending Kalkadoon – Leichhardt Belt (KLB) (Figure 1) which separates 
the Eastern Fold Belt (EFB) and Western Fold Belt (WFB) (Carter et al., 1961). Figure 4 
indicates a southwest1*-dipping subduction zone existed to the northeast* of the MII, based 
on major west-dipping sutures that displace the Moho (Korsch et al., 2009). 
 
                                                          
1
 Directions followed by an asterisk relate to Figure 4 which assumes that the orientation of the western part 
of the NAC has not changed.  
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Three younger superbasins are recognised in each Fold Belt (Scott et al., 2000; Hutton and 
Withnall, 2013) comprising mostly lithic and carbonate sediments (Jackson et al., 2000; 
Domagala et al., 2000) and bimodal volcanics (Wilson, 1978; 1983). The main 
lithostratigraphic units are shown in Figure 3 and the age and typical Pb content of some of 
these units are shown in Table 2. The superbasins were deformed between 1600 and 1500 
Ma by the Isan Orogeny which produced a peak metamorphic event between 1595-1580 Ma 
(Foster and Rubenach, 2006). 
 
Subsequent sedimentation occurred during the Mesoproterozoic, Cambrian and Mesozoic, 
separated by prolonged periods of erosion. Spikings et al. (2002) calculated that more than 
10 km had been eroded from the WFB Belt by 1390 Ma. Grimes (1980) recognised four 
erosion cycles in this region, each involving uplift, erosion/deposition, planation and deep 
weathering (laterisation), commencing in the late Cretaceous (about 100 Ma) and 
continuing to the present. 
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Figure 3 – Simplified time-space diagram showing major stratigraphic units in the Mt Isa 
Inlier with the Mt Isa Group highlighted.  
Abbreviations: Cg – Conglomerate; Ck – Creek; Fm – Formation; Gn – Gneiss; Gp – Group; Ja 
– Jaspilite; lo – Lower; Mb – Metabasalt; Me – Metamorphics;  Mi – Migmatite; mid – 
middle; Qz – Quartzite; Rh – Rhyolite; Sh – Shale; Si – Siltstone; up – Upper; Vo – Volcanics; 
+++++++ – granitic intrusion.  
 
 
 
 
 
 
 
Figure 4. Palaeogeographic reconstruction of the area surrounding Mt Isa at approximately 
1660 Ma.   
Notes:  A - Argylla Formation (1778 Ma); B - Bottletree Formation (1790 Ma); F - Fiery Creek 
Volcanics (1710 Ma); triangle - probable position of Mt Isa. 
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3.2 Provenance of the Mt Isa Group 
 
Provenance studies can be based on sedimentological and chemical features of the rocks; 
lithic fragments and heavy mineral assemblages; chemical fingerprints of lithic fragments or 
minerals; and the isotopic ratios in some minerals (including zircon ages). Most of these 
techniques have been applied to the MIG. 
 
3.2.1 Palaeogeography and sedimentology 
A reconstruction of the palaeogeography of the Isa Superbasin when the MIG was deposited 
is shown in Figure 4. This model differs from the recent model of Betts et al. (2013) by 
proposing that the MII was rotated about 45o clockwise during the early part of the Isan 
Orogeny as a result of a collision (possibly equivalent to the Ewamin Orogeny of Betts et al., 
2013) with the Georgetown Inlier. East-west compression during the later phase of the Isan 
Orogeny has also been incorporated in this reconstruction. 
 
The model interprets detrital zircons (see 3.2.4) in the MIG as evidence that the KLB formed 
a significant barrier to sediment transport from the northeast* and that an Archean to early 
Proterozoic terrain was exposed to the southwest*. Subsequent bimodal volcanism in the 
Leichhardt and Calvert Superbasins, may have occurred in a back-arc environment (Wilson, 
1987; Betts et al., 2013). The late stage of the Calvert Superbasin (1690-1670 Ma) involved 
north- south extension in the WFB where fluvial sedimentation was interrupted by the 
intrusion of the Sybella Granite and extrusion of the Carters Bore Rhyolite west of Mt Isa 
(Betts et al., 2013). 
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Southgate et al. (2000) applied sequence stratigraphy to the Isa Superbasin which extended 
across most of the MII. It is mapped as MIG near Mt Isa; McNamara Group in the 
Camooweal and Century Domains to the northwest; and the Soldiers Cap Group in the east 
(Figure 1). They provided a regional model to explain the steady increase in water depth 
across the Lawn Hill Platform from the northern margin of the Superbasin against the 
Murphy Tectonic Ridge and then a rapid increase in depth to the southeast of the Mt 
Gordon Fault to a depocentre near Mt Isa. They agreed with Smith (1969) and Derrick 
(1982) that periodic reactivation of major faults occurred during sedimentation and 
attributed these structures to convergent tectonic events in central Australia (rather than to 
regional extension in linear rift belts as proposed in a rift-sag model of O’Dea et al., 1997). 
Southgate et al. (2000) regarded the Mt Gordon Fault Zone as the western margin of a 
strike–slip basin in the Leichhardt River Domain where paired uplift and subsidence on 
northwest-trending normal faults controlled sedimentation during the deposition of the 
MIG. Their interpretation resembles the orthogonal rift-transform tectonics which Burton 
and Southworth (2010) recognised on the continental margin of the Grenville Orogeny in 
eastern USA.  
 
Derrick et al. (1976) regarded the MIG as a conformable sequence, deposited in an initially 
deepening then shallowing basin. Mathias and Clark, (1976) proposed two generally fining-
upward sedimentary cycles separated by local unconformities. The younger cycle was 
generally tuffaceous and commonly dolomitic and hosted the syngenetic stratiform Pb-Zn 
deposits and the possibly epigenetic Cu deposits at Mt Isa. Neudert (1983) concluded that 
the sediments enclosing the Pb-Zn deposits formed in a subaqueous slope or basin facies 
and the terrigineous and intrabasinal clastic detritus was redistributed during flood events. 
He noted that the dolomitic sediments evolved to sediments containing sulfates and finally 
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to sodic evaporites as the basin became a saline lake complex dominated by flood plain and 
mudflat environments.  
 
Domagala et al. (2000) split the MIG into three unconformity-bounded packages that 
correlated with the Prize, Gun and Loretta Supersequences. The Gun Supersequence, which 
comprised the upper part of the Warrina Park Quartzite, Moondarra Siltstone, Breakaway 
Shale, Native Bee Siltstone, Urquhart Shale and Spear Siltstone, was deposited after a 
sedimentary hiatus of 25 Ma (coinciding with the intrusion of the Sybella Granite). 
Domagala et al. (2000) interpreted these formations as a transgressive prograding sequence 
commencing with near-shore sandstone and becoming deeper-water siltstone and shale, 
characterised by siliciclastic turbiditic rhythmites. The basin became shallower with 
tempestites and some stromatolite beds near the top of the Breakaway Shale. The overlying 
Native Bee Siltstone contained dolomitic rhythmites and dolostones with less siliciclastic 
detritus and conspicuous thin tuff beds. Further subsidence produced dolomitic rhythmites 
that typify the Urquhart Shale and overlying Spear Siltstone. Numerous tuff beds in the MIG 
indicate that the conformable sulphide layers could have been deposited from 
hydrothermal vents similar to ‘black smokers’ (Spiess et al., 1980) in an area of active 
volcanism. Sedimentation ceased in the Isa Superbasin during the Riversleigh Event (1645-
1630 Ma) which Betts et al. (2013) attributed to the to the breakup of the Columbia 
Supercontinent.  
 
3.2.2 Chemical characteristics 
The chemistry of sedimentary rocks may identify the nature of the source rocks and their 
tectonic setting if the detritus retains identifiable chemical characteristics of the original 
source rocks. Such evidence is potentially obscured by the mixing of detritus from various 
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rock types, chemical deposition, diagenesis, hydrothermal alteration and weathering. Major 
element studies may indicate the extent of weathering while less mobile trace elements 
may identify source rocks and tectonic settings.  
 
Eriksson et al. (1992) analysed nine samples from the Leichhardt Superbasin, two from the 
Calvert Superbasin and three from the Isa Superbasin (Native Bee Siltstone, Breakaway 
Shale and Moondarra Siltstone). Discrimination diagrams and various indices of alteration 
indicated that the upper Superbasins were mostly derived from highly weathered rocks 
(characterised by high Al2O3 and MgO contents) while the older Leichhardt Superbasin rocks 
were less weathered and commonly showed higher levels of K2O, which they attributed to 
metasomatism. Figure S1 (Supplementary Material) shows that the high K2O levels are 
consistent with minor weathering of highly potassic felsic volcanics that are common in the 
region (Wilson, 1983).  
 
Discriminant analysis based on major elements and 28 trace elements (Eriksson et al., 1992) 
separated Leichhardt Superbasin sediments from those in the Isa Superbasin, with the 
Calvert Superbasin partly overlapping each group. The older sediments had smaller Eu 
anomalies, less light REE enrichment, higher Ni, V, Cr and Sc concentrations and generally 
lower Nb and showed characteristics of post-Archean sediments documented by McLennan 
and Taylor (1991). The large compositional variation in the older group was attributed to 
derivation from several local sources in a tectonically active rift environment. The relatively 
uniform composition of the Isa Superbasin was attributed to more mature weathering of 
predominantly felsic rocks in a relatively stable tectonic environment. Figure S2 
(Supplementary Material) shows La/Th and Hf data from Eriksson et al. (1992) mostly plot 
within the range of acidic arc derived sediments (Floyd and Leveridge, 1987). A sample from 
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near the base of the Leichhardt Superbasin shows characteristics of sediments derived from 
an old maturely weathered source, possibly indicating a higher proportion of detritus from 
the Archean basement. A sample from the top of the Leichhardt Superbasin and one from 
the Calvert Superbasin have higher La/Th ratios that may be related to mafic volcanics that 
were erupted during this period.  
 
3.2.3 Accessory minerals 
Mathias and Clark (1975) recorded accessory carbon, microcline, pyrite and tourmaline in 
the Breakaway Shale. Hill et al. (1975) recorded tourmaline, opaques, zircon and apatite 
from this formation and the Moondarra Siltstone, Urquhart Shale and Kennedy Siltstone. 
Tourmaline could indicate possible source rocks for the MIG as it occurs as a common 
accessory mineral in quartz veins in the Eastern Creek Volcanics, Argylla Formation and 
Sybella Granite; in pegmatites southwest of Mt Isa; in the Leichhardt Volcanics; and in many 
sandstone units (Derrick et al., 1977; Wilson et al., 1977; Duncan et al., 2014). Duncan et al. 
(2014) found that tourmalines from pegmatites had distinctly different B isotopes to those 
from quartz veins associated with the Isan Orogeny. More extensive studies of tourmaline 
from the older volcanic units and other potential source rocks are required before 
meaningful interpretations of their origin can be made. 
 
3.2.4 Zircon ages 
Detrital zircon commonly retains isotopic evidence of the age of the rock from which it was 
derived. Ages of some potential source rocks for the MIG are shown in Table 2. Relative 
probability plots of zircon U-Pb ages from the MIG, the McNamara Group and some older 
units are shown in Figure S3 (Supplementary Material). Page et al. (2000) analysed zircons 
from three samples in the MIG. The Moondarra Siltstone had a maximum depositional age 
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of 1668+8 Ma (possibly related to the late stages of the Sybella Granite). The most frequent 
zircon age in this sample was 1780 Ma (similar to the Argylla Formation, see Table 2). Other 
peaks were found at 1870 Ma (similar to Leichhardt Volcanics and Kalkadoon Granite), 2130 
Ma (Early Proterozoic rocks of unknown origin) and 2580 Ma (possibly derived from Archean 
continental nuclei now under younger sedimentary basins to the west). The Breakaway 
Shale was dated at 1663+3 Ma and had minor residual zircons dated at 1870 Ma, 1790 Ma 
(similar to the Bottletree Formation) and 1750 Ma (possibly from the Wonga Granite or 
other units in the EFB). Tuff from the Urquhart Shale was dated at 1655+4 Ma. Neumann et 
al. (2006) provided SHRIMP U-Pb zircon ages of several units from the older Calvert and 
Leichhardt Superbasins. Abundant grains with ages near 1850 Ma indicated that the KLB was 
probably exposed and being eroded during deposition of these units. There are also grains 
with ages between 1900 and 2710 Ma indicating that older basement rocks were also 
exposed or the grains have been recycled. Many grains have ages near 1790, 1780 and 1750 
Ma indicating that rocks younger that the Barramundi Orogeny were also contributing 
detritus to the WFB. 
 
3.3 Distribution of Pb in Mt Isa Inlier 
 
3.3.1 Sources of Pb for MIG rocks 
The previous section indicates that various units provided detritus to the MIG. The zircon 
ages only indicate the felsic units that may have contributed as zircon is not abundant in 
mafic rocks and does not form in sedimentary rock. Table 2 shows that most potential 
source rocks contain between 5 and 30 mg/kg Pb. This may indicate that a significant 
proportion of the Pb in the MIG rocks came with the detritus from older rocks (but no 
allowance has been made for weathering). In unweathered rocks, Pb commonly occurs in 
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the mineral lattice of Ca and K feldspars (10 to 50 mg/kg) and apatite (5 to 200 mg/kg) while 
in the weathered rocks Pb is generally adsorbed on clay particles or hydrated iron oxides. 
Local zircon grains typically contain between 50 and 450 mg/kg (Page, 1978).  
 
Additional Pb could have been introduced to the MIG during or after sedimentation, 
especially in the Native Bee Siltstone and Urquhart Shale which have higher Pb 
concentrations (Table 2). Although two of the significant Pb deposits in the MII (Table 1) are 
possibly slightly older than the MIG, they are unlikely to have contributed detritus to the Isa 
Superbasin as they are in the EFB. The older Pb deposits near Kadina (1740 Ma) and Whyalla 
(1860 Ma) in the Gawler Province (Daly et al., 1998) are even more remote. The increase in 
Pb content in the upper units of the MIG may be related to steadily increasing 
contemporaneous hydrothermal activity that culminated in the massive Pb-Zn sulfide 
orebodies. 
 
3.3.2 Mt Isa ore deposits 
Large et al. (2005) described the Mt Isa Pb-Zn mineralisation as approximately 30 separate 
lens-shaped orebodies separated by pyritic shales and sulfide free sediments occupying a 
stratigraphic thickness of 650 m in the upper Urquhart Shale. Mathias and Clark (1975) 
defined orebodies as sequences dominated by sulfide layers which individually may be from 
1 mm to 1 m thick. They noted that isolated bands of sulfides are common between ore 
bodies and in apparently barren shales. Figure 5 shows thin conformable layers of sulfides in 
a laminated sedimentary sequence. The rhythmic cycles of dolomitic siltstone grading 
upwards into carbonaceous shale are generally capped with a thin layer of pyrite. The pyrite 
may be overlain by sphalerite and alternating layers of galena or pyrite or further 
sedimentary layers. The cyclic nature of the deposits and the apparent sedimentary textures 
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strongly support a syndepositional origin of the Pb-Zn ore. During subsequent deformation, 
the pyrite bands have fractured, sphalerite displays ductile behaviour and some galena 
bands have been totally mobilised, giving the appearance that the mineralisation was 
younger than the sedimentation.  
 
Huston et al. (2006) proposed that hydrothermal submarine vents (‘black smokers’) were a 
modern analogue for syngenetic volcanic-hosted massive sulfide (VHMS) and Broken Hill 
deposits, but they did not propose that model for Mt Isa because they considered this area 
lacked coeval volcanism. That conclusion overlooked the numerous felsic tuff bands in the 
Urquhart Shale that have been well documented (Croxford, 1964; Mathias and Clark, 1975; 
Hill et al., 1975). Hydrothermal submarine vents are a plausible source of sulfide layers in 
the orebodies and elsewhere. 
 
3.3.3 Other Pb in MIG 
Large et al. (2005) noted that high grade Pb-Zn ore extends for 25 km along strike in the 
Urquhart Shale to the north of Mt Isa and 15 km to the south. The Hilton, George Fisher and 
Handlebar Hill mines extract Pb from about 10 separate orebodies in the northern 
extension. Sporadic minor layers of sulfides occur in rocks outside the orebodies, especially 
in the lower part of the Urquhart Shale and upper part of the Native Bee Siltstone (Mathias 
and Clark, 1975; Conaghan et al., 2003). One of these minor sulfide layers was intersected in 
1926 when digging house foundations near the current central business district to the east 
of the Leichhardt River, approximately 800 m east of the main orebodies. This resulted in an 
application for a mining lease (QGMJ, 1926). Anomalous Pb mineralisation also occur at the 
base of the Breakaway Shale in the urban area, about 1 km stratigraphically below the ore 
zone (Finlow-Bates et al., 1977). 
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Geological Unit Age (Ma) 
from Hutton 
and Withnall 
(2013) 
 Pb in mg/kg and (number of 
analyses)  
Ozchem (2016) Robertson 
(1979) or Wilson 
(1983) 
MIG, Urquhart Shale 1652 + 7 515a (35) 140b      (104)c 
MIG, Urquhart Shale  
- Tuff Marker Bed 
 
855a       (4) 16              (5)d 
MIG, Native Bee Siltstone  37       (13) 94         (150)c 
MIG, Breakaway Shale  17       (14) 70         (130)c 
MIG, Moondarra Siltstone 1668 + 8 11       (19) 66           (96)c 
MIG, Warrina Park Quartzite  5        (10)   
Sybella Granite 1655 - 1674 22        (93)   
Carters Bore Rhyolite 1678 + 3 9           (7) 4               (4)d 
Surprise Creek Formation 1688 + 5 10        (46)   
Fiery Creek Volcanics 1701 + 21 5        (26) 14             (5)d 
Corella Formation 1770 + 6 MDA 5       (253)   
Ballara Quartzite 1755 + 3 9          (5)   
Marraba Volcanics  4         (45) 26            (18)d 
Bulonga Volcanics   1761 + 4 with Argylla 
Formation 
12              (8)d 
Judenan Beds  8         (6)   
Myally Subgroup  
- Bortala Formation 1773 + 2 3          (9)   
Eastern Creek Volcanics (ECV),  
- Pickwick Mbr 
 
12         (64) 8              (10)d 
ECV   Leena Quartzite Member 1779 + 4 MDA 6          (8)   
ECV,   Cromwell Member  21       (137) 14             (37)d 
Mount Guide Quartzite 1773 + 16 
MDA 
27           (22)   
Argylla Formation 1778 + 3 8       (243) 10          (131)d 
Magna Lynn Metabasalt  9           (30) 9                (7)d 
Bottletree Formation 1790 + 9 with Argylla 
Formation 
22            (17)d 
Leichhardt Volcanics 1860 + 3 17        (122) 14           (61)d 
Kalkadoon Granite 1857 + 3 21        (121)   
Yaringa Metamorphics 1874 + 3 12          (62)   
Sulieman Gneiss  42           (4)   
Plumb Mountain Gneiss 1862 + 3 39           (8)   
 
Table 2 – Age and Pb content of relevant geological units in the Mt Isa Inlier. Ages from 
Hutton and Withnall (2013).  Pb content from Geoscience Australia (2016), Robertson 
(1979) and Wilson (1983). 
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Notes: a – includes samples from ore bodies; b – excludes samples from mining lease; c – 
Robertson (1979);  d – Wilson (1983); MDA – maximum depositional age. 
 
 
 
Figure 5. Polished section of Pb-Zn ore from Mt Isa mine  showing rcycles of dark grey 
speckled rock (dolomitic siltstone), black carbonaceous shale and yellowish pyrite. These 
cycles are overlain by layers of pinkish brown sphalerite, silver-grey galena and more pyrite 
layers; or by the next siltstone-shale-pyrite sequence. The coin is 2 cm in diameter. 
(Photograph by Dr Geoff Derrick of specimen prepared by GeoDiscovery, Brisbane) 
 
 
 
In 1975-76, MIM Limited conducted a mineral exploration program under Authority to 
Prospect 1551M which covered the Mt Isa urban area and extended 15 km north to Lake 
Moondarra and 20 km south to Rifle Creek Dam. The exploration included Pb analyses of 
473 rock chip samples from surface exposures of the Breakaway Shale (Finlow-Bates et al., 
1977). These show a polymodal distribution (Figure S4, Supplementary Material) with the 
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main peak between 40 and 50 mg/kg Pb and other minor peaks near 100 and 150 mg/kg. 
The analyses have a geometric mean of 52 mg/kg Pb. In 1976-77, Pb and several other 
elements were analysed in >500 bedrock samples at depths >2.5 m from drillholes 50 m 
apart along 13 east-west traverses in the Mt Isa urban area. The mean Pb content (and 
range) of these analyses for formations in the urban area were: Native Bee Siltstone 94 (20-
720) mg/kg; Breakaway Shale 70 (10-750) mg/kg; and Moondarra Siltstone 66 (15-410) 
mg/kg (Robertson, 1979). The localised nature of this Pb mineralisation in the bedrock 
under the urban area is clearly evident in plots of the analyses obtained from two of the 
drilling traverses shown in Figure 6. 
 
Smith and Walker (1971) analysed drill core that intersected orebodies and adjacent rocks 
at Mt Isa and to the north and south. They reported background Pb levels <50 mg/kg and 
noted values well above background were common in the Urquhart Shale between Mt Isa 
and the Hilton mine. Analyses >1500 mg/kg Pb also occurred up to 100 m below the 
orebodies. Anomalous zones occurred sporadically lower in the stratigraphy, e.g. Figure S5 
(Supplementary Material) shows results from a drillhole in the upper part of the Native Bee 
Siltstone located 11 km south of Mt Isa (Smith and Walker, 1970). Although these anomalies 
are only 2 to 3 times the background level, the actual Pb content of the thin sulfide layers 
would be much higher as it has been diluted by non-mineralised rock in the 3 m sampling 
intervals.  
 
In outcrop, these mineralised layers in the Urquhart Shale and Native Bee Siltstone are 
marked by limonitic zones resulting from oxidisation of the former sulfidic layers. Because of 
the immobility of Pb, these layers typically retain anomalous Pb contents. XANES analyses 
by Noller et al. (2017) showed that Pb in these rocks is typically adsorbed to goethite. 
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Surface samples from outcrops containing dark brown to black iron-rich layers typically 
contained between 1000 and 8000 mg/kg of Pb in contrast to adjacent pale grey weathered 
laminated siltstone or shale where Pb values were typically 30 to 300 mg/kg. 
3.4 Soils in Mt Isa urban area 
 
3.4.1 Erosion and weathering 
Widespread uplift occurred across the MII during the Isan Orogeny when strong east-west 
compression produced a major mountain range predominantly to the east of the KLB and 
folded and faulted virtually all the MII. The thermal history provides evidence of many 
kilometres of rapid erosion between 1500 and 1350 Ma (Spikings et al., 2002). 
Sedimentation may have occurred in depressed areas in the north during the 
Mesoproterozoic (South Nicholson Group). Cambrian sediments of the Georgina Basin 
onlapped a relatively low-relief landform in the west and south of the MII. Granites were 
exposed prior to this onlap, confirming that erosion had been extensive. It is probable that 
the elevated parts of the folded Mt Isa orebodies were exposed to weathering before this 
sedimentation and again after Cambrian sediments were eroded.  
 
Anand et al. (2002a) considered that an erosional palaeosurface had formed on the 
Proterozoic and Cambrian rocks before the early Mesozoic and was being dissected before 
the late Triassic. A brief Cretaceous marine incursion was terminated by upwarping of the 
MII. Most of the soft sediments were eroded before the end of the Cretaceous although 
remnants of these sediments remain, especially in the southeast near Cannington and 
northwest near Lady Loretta. The present, generally northeast-flowing drainage pattern 
began to form on a relatively flat late Cretaceous land surface. Differential erosion 
continued into the Miocene. Ferruginous lateritic and siliceous duricrusts related to several 
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cycles of weathering occur at different elevations across the MII, indicating that the 
landscape was not flat or has subsequently been differentially uplifted. The landscape, 
including the duricrust, continues to be eroded in response to the most recent upwarping.  
 
 
 
 
 
 
Figure 6.  Pb analyses of bedrock at 50 m spacing along two east-west traverses through the 
urban area. (Data from Robertson, 1979). 
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The hill tops around Mt Isa are generally flat and rise to 400 to 500 m AHD. Anand et al. 
(2002a) present evidence that a complex weathering profile previously existed above these 
hills and has subsequently been eroded, together with the rocks that previously overlay the 
intervening valley floors. This erosion exposed the Mt Isa orebodies to weathering which 
oxidised the sulfides and formed gossans composed predominantly of hydrated iron oxides 
(Blanchard, 1968). Pb is typically enriched in the gossans because it is adsorbed on goethite 
(Noller et al., 2017). Similar ferruginous bands have developed by oxidation of minor layers 
of sulfides in rocks in the urban area. Oxidised copper minerals were recorded at 20 of the 
51 original mining leases over the orebody (Saint-Smith, 1923). The depth of oxidation is 
typically approximately 100 m but extends to 500 m below the surface in some parts of the 
mine (Anand et al., 2002a).  
 
Vasconcelos (2002) conducted 40Ar/39Ar and K-Ar geochronology on Mn oxides from 114 
samples in the weathering profile across the MII. He recognised peaks in weathering activity 
at around 65-70 Ma, 35 Ma and 13-20 Ma which he postulated were periods of rapid 
weathering related to peaks in rainfall, temperature and possibly biological activity. 
Vasconcelos (2002) also observed that the older dates tended to be at higher elevations 
across the Inlier. He concluded that the mid Mesozoic landscape was relatively subdued and 
that over the last 70 Ma that weathering surface has been dissected by streams and further 
eroded by scarp retreat. He calculated the weathering rate to be between 3 and 4 m/Ma. 
Samples from near Mt Isa yielded ages from 14 to 20 Ma. Six jarosite samples from a drill 
hole in the Mt Isa mine area yielded ages between 0.5 and 3 Ma, except for one that was 
dated at 13 Ma. Vasconcelos (2002) interpreted the younger ages as evidence of sulfates 
being formed or remobilised during the most recent weathering event.  
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In the Mt Isa ore, Pb is generally present as galena (Pb sulfide). This mineral typically 
weathers to anglesite (Pb sulfate) that is relatively immobile and tends to remain in the 
weathered ore much longer than the weathering products of Zn, Ag or Cu minerals. Over 
time the anglesite is converted into cerussite (Pb carbonate) (Blanchard, 1968). The 10 
specimens collected on the surface by the original discoverer of the Mt Isa Pb deposit in 
1923 contained between 49.3 and 73.8% Pb (Berkman, 1996). At Mt Isa, cerussite is 
dominant at the surface while anglesite is more common at depths >50 m where 
weathering is incomplete (Mathias and Clark, 1975). If there is excess Fe sulfate, the Pb 
carbonate may be converted back to a sulfate and continue to be slowly depleted by 
solution leaving limonitic jasper in the gossan that pseudomorphs the secondary cerussite 
rather than the original galena (Blanchard, 1968). Noller et al. (2017) found that anglesite is 
relatively common while cerussite is rarely identified in dust at Mt Isa. They suggested that 
SO2 in the air may be reacting with the carbonate to form Pb sulfate.  
 
3.4.2 Soil types 
The gently undulating plains that form most of the urban area of Mount Isa are generally 
covered with residual soils developed on a pediment of saprolite. Some colluvial soils are 
developed on the low ridges of Breakaway Shale that trend north-south through the urban 
area and on the quartzite ridges to the east of the main residential area. Alluvial soils are 
restricted to the bed, banks and flood levees of the major streams.  
 
Northcote et al. (1968) mapped most of the soils in urban area as red earths that were 
predominantly bleached red duplex soils (mapping unit Od13). These soils are developed on 
siltstone, shale and calcareous siltstone of the MIG and show some profile differentiation 
with a clear but commonly gradational boundary between the A and B horizons. Black 
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manganiferous and red ferruginous nodules are developed locally. Where the red earth soils 
are developed adjacent to drainage lines they are mostly fine to sandy textured but may 
grade into areas of gravel and alluvial sand. Under the revised Australian Soil Classification 
(Isbell, 2016), these soils are classified as sodosols or chromosols depending on whether 
they are sodic or not. The ASRIS (2014) mapping shows them as sodosols (Figure 7). 
 
The eastern part of the main residential area was mapped as lithosols comprising shallow 
gravelly loamy soils with weak pedologic development (Fz41 and Fz42), gravelly sands, 
gravels and abundant rock outcrops (Northcote et al., 1968). The gravelly soils typically 
contain fragments of the underlying rock which show various degrees of weathering. There 
is weak vertical zonation in the more gravelly locations although a thin surface layer of 
accumulated organic matter may occur. Under the revised classification these shallow, 
stony lithosols are classified as rudosols. The river sands that were regarded as dysteric 
regosols (Uc1.22) by Northcote et al. (1968) are now also classified as rudosols, although 
some might argue they are yet to develop into a soil. 
 
Further east, shallow very gravelly loamy soils are developed on mafic volcanic rocks of the 
Eastern Creek Volcanics and interspersed with rock scree and outcrop. Some of these soils 
are clayey and coarse-textured and could be classified as ferrosols. However as there is 
abundant remnant bedrock exposed through most of these areas, they were mapped as 
loamy soils with weak pedologic development (Fa38). These are classified as tenosols under 
the revised classification.  
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Under the Australian Soil Classification, areas of fill around the urban area and the mine site 
are classified as anthroposols when more than 0.3 m thick. Thinner fill or modified areas 
(e.g. lawns) are classified as an anthropic phase of the soil below. 
 
 
3.4.3 Pb content of Soil 
The largest systematic study of the Pb content of soils in the Mt Isa urban area was an 
unpublished soil survey involving 408 samples analysed by Xstrata in 2008. The Pb 
concentration ranged from 12 to 10 000 mg/kg, the mean was 106 mg/kg and the median 
was 79 mg/kg for the <2 mm fraction (EPA, 2008). Their results are compared with those 
published by Taylor et al. (2010) in Figure 8.  
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Figure 7. Main soil types in Mt Isa area. (modified from Northcote et al., 1968). Boundary of 
urban areas shown by dotted line. Sands in the Leichhardt River bed are stippled. 
 
 
Taylor et al. (2010) presented Cd, Cu, Pb and Zn results from 60 soil samples collected 
systematically from footpaths in the urban and industrial areas of Mt Isa. The Pb content 
ranged from 1 to 2020 mg/kg for the <2 mm fraction (Figure 8) and 8 to 5770 mg/kg for the 
<180 µm fraction and the respective medians were 43 mg/kg and 91 mg/kg. Most of the 
high Pb results were from 12 sites in or near the mining lease. Their model of the soil Pb 
distribution showed that 1000 properties were at risk of detrimentally high soil Pb levels. 
Wilson (2015) showed this conclusion was a significant exaggeration because it was based 
on polymodal analyses that were inappropriate for the krieging model they used; the data 
was biased by 12 analyses from non-residential areas; most of the properties with high soil 
Pb levels are not residential properties; and the sample preparation (<180 µm) was 
inconsistent with the HIL they used.  
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Figure   8.  Pb content of <2 mm fraction of surface soils in Mt Isa. Xstrata results (grey fill) 
are from 408 residential sites (EPA, 2008). Taylor residential results (dark outline, no fill) are 
from 48 residential areas and Taylor industrial results (black fill) are from 5 industrial and 
commercial areas (Taylor et al., 2010).  
 
 
Several thousand soil and stream sediment samples were analysed in 1990 by Queensland 
Health and MIM Limited to assess the extent of contamination in the area between the 
mine and the Leichhardt River and other areas suspected of being contaminated. However, 
very few of these results were published. Sadler et al. (1990) presented Cu, Pb, Zn, As and 
Cd analyses of 101 surface soil samples and 7 subsurface samples from a church and 
preschool near the copper smelter. The surface samples had a mean Pb content of 1245 
mg/kg and a range of <2 to 10 100 mg/kg. The subsoil samples had a mean of 7571 mg/kg 
and a range of 4300 to 12 500 mg/kg and at each site the subsoil level was higher than the 
top soil. Queensland Health analysed 191 subsoil samples from west of the river and these 
had a median Pb concentration of 1700 mg/kg (unpublished data, pers. comm., R. Sadler, 
1990). These investigations led to the removal of 90 000 t of contaminated material from 
the river bed; the replacement of sand in >200 domestic sandpits; and the removal of a 
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church and several houses to create a 17 ha green belt between the mine and the 
residential areas (Courier Mail, 1991). The total cost was $8.5 million (MIM, 1991). 
 
Soil tests were offered to householders in Mt Isa in 1990 resulting in 705 analyses from 
more than 200 properties. At least one sample with >600 mg/kg Pb was found at 22 
properties (EPA, 2008, Figure 10). The high values were mostly from sandpits which had 
been filled with sand from the Leichhardt River. An analysis of 10 000 mg/kg Pb was 
recorded from the front lawn of one home where the father, a mine contractor, regularly 
washed his work vehicle. Three other children had potentially been exposed to Pb brought 
home in work clothes. The mining company subsequently introduced a ‘clean-in clean-out’ 
policy to prevent contamination leaving the mine site on vehicles or clothing. The high Pb 
results at another site were attributed to contaminated landfill. Several anomalous values 
had no obvious explanation. Since 1990, testing has been undertaken at the homes of all 
children in Mt Isa who have recorded elevated BLL. The EPA (2008) published some statistics 
for 83 soil samples collected by Queensland Health from the homes of children found to 
have elevated BLL in the 2006/7 blood Pb survey. These soil samples had a geometric mean 
of 110 mg/kg, 25 exceeded 300 mg/kg, 4 exceeded 1000 mg/kg and the maximum was 4100 
mg/kg. These results indicate that the soil could be a significant source of Pb exposure. The 
risk depends on the bioaccessibility of the Pb which Noller et al. (2017) found to be typically 
between 20 and 30% in Mt Isa.  
 
Parry (2000) analysed soil samples from 42 sites up to 150 km from Mt Isa but none were 
from the urban area. The study was designed to examine the ‘down-wind’ effects of the 
smelter (i.e. effects to the northwest of the city). The mean Pb content of 34 surface 
samples (0-2 cm) from >20 km from the smelter was 14 mg/kg while the mean for the eight 
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samples <20 km from the smelter was 172 mg/kg. Anand et al. (2002a) studied the regolith 
near Lady Loretta about 120 km north-northwest of Mt Isa. They found that weathering of 
rocks generally similar to those at Mt Isa produced a duricrust and its Pb content commonly 
reflected the Pb content of the underlying rocks. Above a deeply weathered ore horizon 
that contains about 6% Pb in sulphides at depths >100 m, the duricrust contained between 
430 and 1526 mg/kg Pb, compared to a mean value of 37 mg/kg for samples more than 400 
m from the ore horizon. At the Drifter prospect, 30 km north of Lady Loretta, the soil 
generally contained 14 to 30 mg/kg Pb but an anomalous area near the surface expression 
of a mineralised fault contained up to 800 mg/kg Pb (Anand et al., 2002a).  
 
Noller et al. (2009) selected a site 6 km south of Mt Isa to provide background Pb contents 
for soil (5 mg/kg) and stream sediments (46 mg/kg). They analysed 13 soil samples (< 2 mm 
fraction) and 6 sediment samples (<63 µm) from near the Mt Isa City Swimming Pool and 
the adjacent Leichhardt River to assess the need for remediation. The Pb content of three 
soil samples from near the pool ranged from 67 to 340 mg/kg; two from Death Adder Gully 
(about 400 m to the south) were 2172 and 2463 mg/kg; and five from near the velodrome 
(about 1 km to the north) ranged from 6600 to 41 900 mg/kg. The Pb content of sediment 
samples from the river bed near the city ranged from 232 to 20 000 mg/kg. Further 
remediation was undertaken by the mining company in 2008. Ecotoxicity studies using 
riverine sediments collected after the next wet season showed no effects on the aquatic test 
species (Noller et al., 2012). 
 
Noller et al. (2012) analysed stream sediment and water samples from the Leichhardt River 
and its tributaries to assess contamination from natural mineralisation, historical mining 
activities and current human activities. The 29 stream sediment sites upstream of the mine 
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provided background levels of Pb for the <63 µm fraction (mean 95 mg/kg and median 55 
mg/kg) and the <2 mm fraction (mean 17 mg/kg and median 12 mg/kg). They suspected 
that some of these samples had slightly elevated Pb derived from small mineral occurrences 
in part of the catchment. The mean and median Pb contents of 79 sediment samples from 
the Leichhardt River through the city and downstream to Lake Moondarra were 590 mg/kg 
and 388 mg/kg for the <63 µm fraction and 216 mg/kg and 84 mg/kg for the <2 mm fraction 
respectively. The Pb values tended to be higher immediately downstream of the mine. This 
contamination in the river bed was a potential concern as this is where children played, 
people camped and residents had taken sand for domestic sandpits. However, recent 
analyses have shown that bioavailability is very low (Noller, et al., 2017, Table 115). 
 
Mackay et al. (2013) republished 20 of the earlier surface soil results from Taylor et al. 
(2010) and presented new analyses from a work place, two from a school driveway and 17 
from five residential allotments, most of which housed children who had elevated BLL. 
These sites were not representative of the urban area and the mean soil Pb concentration 
that they published for Mt Isa (1560 mg/kg) is highly misleading. It is 15 times greater than 
the geometric mean published by Taylor et al. (2010) from all 60 samples they analysed 
(including those from the industrial area). This gross exaggeration resulted from Mackay et 
al. (2013) selecting nine of the highest 10 results from the previous study and only one 
below the median. They included one from a garden bed in the commercial centre which 
had been rejected by Taylor et al. (2010) after a re-analysis produced a much lower value. 
Furthermore, their analyses of the <180 µm fraction should not be compared with soil HIL 
values that were calculated using <2 mm fractions (NEPC, 2013) as Taylor et al. (2010) 
showed the latter had approximately half the Pb concentration at Mt Isa. 
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Noller et al. (2017) collected soil and dust samples around the mine and in the urban area to 
assess the effects of the smelters and mining activities on Pb distribution in the community. 
They determined concentrations of As and 11 metals; molecular structure of Pb minerals 
(using XANES techniques); particle size distribution; and Pb isotope ratios for samples from 
non-mineralised and mineralised rocks, dust fallout from the smelters and general mine 
area, dust from the haul road, tailings, various other materials from the mine site (including 
slag and mineral specimens), dust fallout from the urban area, dust from roof gutters, 
footpath soil, domestic garden soil and air particulates from 24 urban sites over three years. 
They found that the median Pb level in dust and slag from the mine site was 7530 mg/kg 
which was approximately double the level for outcrops of mineralised Urquhart Shale and at 
least an order of magnitude higher than nearly all the samples from urban area were most 
soils contained <150 mg/kg. A summary of some of their analyses is shown in Table 3.   
 
 
Sample type Number 
of 
samples 
Minimum 
Pb 
(mg/kg) 
Median 
Pb 
(mg/kg) 
Maximum 
Pb 
(mg/kg) 
Mine site samples (mostly dust) 82 193 7530 656 000 
Dust in roof gutters 37 1800 7719 48 827 
Fallout dust in city 14 1200 6753 20 989 
Dust from haul road 9 1426 1820 3010 
Dust in carpets 58 150 721 3400 
Garden soil  (<10 µm fraction) 67 25 359 2550 
Garden soil  (<250 µm fraction)  67 12 163 1070 
Footpath  soil (<2 mm fraction)  14 28 50 303 
 
Table  3.  Summary statistics for Pb analyses of soil and dust in Mt Isa (Noller et al., 2017). 
 
 
3.5 Surface enrichment 
 
The strong seasonal wetting and drying climate around Mt Isa is conducive to the formation 
of duplex soils and facilitates the relocation of metals (Chittleborough, 1992). Olade (1987) 
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found that aqueous transport through soil of Pb and other metals released from mineralised 
and unmineralised rocks during weathering was generally towards the topsoil. In the soil 
profile at Mt Isa, Pb is typically adsorbed to goethite while some occurs as sulfate (Noller et 
al., 2017). At the surface Pb may be immobilised through adsorption onto hydrated iron 
oxides (Azizian and Nelson, 1998; Trivedi and Axe, 2007) or humic material (Kinniburgh et 
al., 1998) or illitic clays (Yong and MacDonald, 1998); or chemically bound in hydroxylapatite 
(Laperche and Traina, 1998). This enhances the surface enrichment caused by water table 
movements. 
 
Parry (2000) sampled 42 sites taking a surface sample at 0-2 cm and two subsurface 
intervals at 0-10 cm and 10-20 cm. The Pb concentration correlated with distance from the 
smelter for up to 30 km to the northwest. The elevated Pb was attributed to deposition 
from a wind-driven plume originating at the smelter. They also found that Pb was typically 
enriched in the surface layer compared to the subsoil. The surface enrichment factor (SER = 
concentration in the 0-2 cm layer / concentration in the 10-20 cm layer) was typically 1.2 to 
1.5 at distances >50 km to the west and all sites to the east of Mt Isa. The SER was >4 at 
distances <30 km northwest of the smelter. Taylor et al. (2010) found the SER for Pb from 
eight pits in and near the urban area to be in the range from 1.4 to 12.8. However, their 
results showed a negative correlation with distance from the smelter and with the subsoil 
Pb content, suggesting that subsoil depletion was a major factor in determining the SER.   
Studies of the regolith in the MII were undertaken by the Cooperative Research Centre for 
Landscape Evolution and Mineral Exploration (CRC LEME) during the 1990s. Anand et al. 
(2002a; 2002b) found that Pb was commonly enriched in duricrusts and ferruginous breccias 
in the upper part of the weathering profile. At the Python prospect about 60 km northwest 
of Mt Isa they found that Pb, Fe, Cu, As, Sb and Mo were enriched in the duricrust and upper 
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soil profile. Pb was enriched by factors of 4 to 10 and was a good indicator of mineralisation 
that was covered by 50 m of saprolitic dolomitic siltstone and dolaranite and 2 m of soil. 
Anand et al. (2002a) also studied the Tringadee prospect area about 180 km southeast of Mt 
Isa where Pb was significantly enriched in the lateritic duricrust and upper soil profile. None 
of these sites were likely to have been noticeably affected by fallout of dust from Mt Isa. 
The concentration of Pb in duricrusts shows that the surface enrichment was occurring long 
before mining and smelting started at Mt Isa. 
  
 
3.6 Pb isotopes in the MII 
 
Pb isotopes may assist in identifying the provenance of Pb and the data are typically 
presented as ratios. The easiest interpretations occur when the relatively stable isotope, 
204Pb, is used as the denominator. Then any addition of Pb from the radioactive decay of U 
will increase ratios with 206Pb or 207Pb as numerator and any changes related to Th will 
increase ratios with 208Pb as numerator. Much of the older research used 206Pb or 207Pb as 
the denominator because 204Pb could not be measured with sufficient accuracy. The 
207Pb/206Pb ratio (or its inverse) is less sensitive to changes in U as both the numerator and 
denominator are U decay products. Ratios with 208Pb as the numerator and 206Pb or 207Pb as 
the denominator are harder to interpret because U adds Pb to the denominator and Th adds 
to the numerator. Despite that drawback, this paper uses 208Pb/206Pb ratios so that older 
data can be compared with the recent studies. The measured 208Pb/206Pb ratios are 
generally less than the Mt Isa Pb ore ratio because U generally produces significantly more 
radiogenic Pb than Th in rocks in the MII.  
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Figure  9.  Quartile distribution of 208Pb/206Pb ratios for various media in Mt Isa area. 1 – 
Minerals in copper ore; 2 – Copper smelter dust (quartiles), chalcopyrite from copper ore 
(unshaded symbol) and Pb ore (black line); 3- Pb smelter dust; 4 – Tailings dams; 5 – Haul 
road dust; 6 – Mine dust fallout; 7 – Mine air particulates; 9 – City dust fallout; 10 – Roof 
gutters; 11 – City air particulates; 12 – Garden soil (<10 µm fraction); 13 Garden soil (<250 
µm fraction); 14 – House floor wipes; 15 – House carpet dust; 17 – Mineralised Urquhart 
Shale; 18 – Non-mineralised Mount Isa Group rocks; 19 – Eastern Creek Volcanics. (Data for 
1 and 19 from Gulson et al. 1983; all other data from Noller et al., 2017). Note. Grey bars 
show total range; heavy outlined boxes show 25th and 75th percentiles and median. 
 
Pb isotopic ratios for most rocks in the MII are typical of crustal material which contains 
higher U and Th concentrations than the mantle. A major injection of mantle Pb occurred at 
about 1650 Ma producing several large orebodies that contain virtually no U or Th and 
2 2.05 2.1 2.15 2.2
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
208Pb/206Pb
Mine
City
Rocks
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
41 
 
retain distinctive Pb isotope ratios. The Pb ore at Mt Isa has been extensively analysed since 
the 1960s and its isotopic composition is extremely uniform (208Pb/206Pb = 2.2224 and 
207Pb/206Pb = 0.9586). Virtually identical ratios are found at the Hilton/George Fisher 
orebodies 20 km to the north and Pb prospects up to 15 km to the south (Richards, 1975; 
Gulson, 1985). Similar ratios occur in Pb from other deposits of this age in the MII (Table 1) 
and elsewhere such as MacArthur River (1000 km to the northwest) and Broken Hill (2000 
km to the south). If Pb from any two of these deposits was mixed with small quantities of 
radiogenic Pb, the resulting mixtures  could be indistinguishable. Gulson et al. (1983) 
analysed various minerals from the Cu ore at Mt Isa and obtained a range of 208Pb/206Pb 
ratios that are lower than those of the Pb ore (as shown in row 1 of Figure 9). This indicates 
that U has a greater effect than Th on ratios from the Cu ore. 
 
Noller et al. (2017) obtained Pb isotope ratios for an extensive range of specimens from the 
urban area, the mine and the surrounding area and their data are summarised in Figure 9. 
They found that the isotopic ratios of dust settling in the urban area and from roof gutters 
were very similar to those of Mt Isa Pb ore and showed little evidence of mixing with Pb 
from the copper smelter or soil. However, suspended dust in the urban air, dust in houses 
and the <10 µm fraction of garden soil showed evidence of significant mixing with soil Pb. 
They analysed one sample of chalcopyrite, which is the dominant mineral in the Mt Isa Cu 
ore, and its ratios were 208Pb/206Pb = 2.2184 and 207Pb/206Pb = 0.9569. The Mt Isa Cu smelter 
also treats ore from the Ernest Henry mine 120 km to the east which contains 
approximately 50 mg/kg U (Huston, 2010). This ore has contributed to the distinctly lower 
isotopic ratios (with median values of 208Pb/206Pb = 2.1633 and 207Pb/206Pb = 0.9199) of dust 
from the Cu smelter (Noller et al., 2017, Table 56) compared to median values of 2.2237 and 
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0.9591 for the dust from the Pb smelter (Noller et al., 2017, Table 57) as shown in rows 2 
and 3 of Figure 9.  
 
Parry (2000) analysed Pb isotopes in 42 soil samples from outside the urban area of Mt Isa 
and mostly to the northwest. At 40 of these sites the topsoil samples had higher 208Pb/206Pb 
ratios than the subsoil samples although the difference was less than 5% at 26 sites. 
Thirteen of the 19 sites where topsoil 208Pb/206Pb ratios exceeded 2.1 were within 30 km of 
the smelter. The ratios in surface samples from sites <15 km to the northwest of the smelter 
were similar to Mt Isa Pb ore ratios.  
 
Mackay et al. (2013) presented Pb isotopes for five dust samples, 11 air filter samples, 15 
soil samples and two rock samples from the Mt Isa urban area. The topsoil samples from the 
eight pits and the dust wipes plotted on a mixing line between Mt Isa Pb ore and ‘present 
day average crust’ (Stacey and Kramers, 1975). A rock sample from the Moondarra Siltstone 
yielded 208Pb/206Pb and 207Pb/206Pb ratios of 2.1192 and 0.9033 respectively; and the 
corresponding ratios for a rock from the Breakaway Shale were 2.1151 and 0.8718. Their 
interpretation that these results showed that bedrock could not produce the observed 
ratios in the Pb-enriched topsoil was incorrect as they had not analysed any mineralised 
bedrock. Their ratios are similar to those from unmineralised rocks reported by Noller et al. 
(2017), but these ratios (see Figure 9, line 18) were much lower than those of mineralised 
rocks (Figure 9, line 17) which were very similar to the Pb ore. 
 
Furthermore, Mackay et al. (2013) did not explain why the subsoil was far more radiogenic 
than their rock samples in four out of five cases. This possibly indicated that surface 
enrichment occurred during soil formation through the transport of less radiogenic Pb to 
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the surface while the more radiogenic Pb (in immobile minerals such as zircon) remained in 
the subsurface. Zircon can cause significant changes to isotope ratios as its 208Pb/206Pb ratio 
is extremely low: typically between 0.1 and 0.2 in the MII (Page, 1978). Mackay et al. (2013) 
also ignored the strong correlations between subsoil isotope ratios and Pb concentration 
that possibly indicated that soil with higher Pb concentration was derived from rocks 
containing minor mineralisation with isotopic composition similar to the Mt Isa Pb orebody. 
They did not obtain the Pb isotope ratios for the subsoil with the highest Pb content (in Pit 
1).  
 
3.7 Redistribution of Pb 
 
3.7.1 Aeolian redistribution of Pb 
The gossanous ridges at Mount Isa have been exposed to wind and water erosion for several 
million years. This has undoubtedly spread Pb across the developing soils in the vicinity of 
the outcrop. The rate of deposition of Pb from air would have increased significantly when 
mining and smelting commenced in 1923 and 1931 respectively. Berkman (1996) detailed 
the efforts to control Pb emissions in the early years of production including construction of 
a 76 m stack in 1935. Further increases in Pb emissions probably accompanied a major 
increase in production in the late 1960s (Figure S6, Supplementary Material). Legislation 
passed in 1968 required the mining company to monitor sulfur dioxide, Pb and other 
emissions at a number of sites across the urban area to ensure compliance with regulatory 
requirements. The requirements for Pb at Mt Isa until 2015 were identical to the National 
Ambient Air Quality Standards that applied in the USA between 1978 and 2008 (i.e. <1.5 
µg/m3 Pb in total suspended particles (TSP) measured as a quarterly average).   
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Emissions entering the urban area have been significantly reduced since 1972 when the AQC 
system was implemented and again in 1978 when a 273 m stack was built at the Pb smelter. 
The AQC predicts when wind is likely to come from the westerly quarter based on 
meteorological observations provided by the Australian Bureau of Meteorology and data 
collected by the company. This includes doppler measurements of wind speed and direction 
every 15 minutes for each 100 m layer above the smelters to a height of 3000 m. The 
predictive capacity is coupled with sulfur dioxide monitors across the urban area that alert 
the AQC if trigger levels are exceeded at any of the monitoring stations. The AQC operators 
can reduce smelter activity or shut down smelting completely in about one hour. Operations 
at the Black Star opencut, which was active between 2004 and 2016, were also curtailed 
during adverse weather conditions to limit the amount of Pb dust that reached the urban 
area. 
 
In addition to the company-operated monitoring stations, the Queensland Government has 
also operated various air quality monitors and meteorological instruments in the urban area 
of Mt Isa since 1979 and publishes real-time air quality data on line (DEHP, 2016). Since 
2016 MIM has provided the community access to its air quality monitoring network through 
a smartphone app and an online real-time air quality portal (Glencore, 2016). The company 
also provides estimates of its emissions to the National Pollution Inventory which is 
published annually (NPI, 2016). 
 
A summary of the results from six air monitoring stations in urban area of Mt Isa for the 
years 2005, 2006 and 2007 (EPA, 2008) showed that the monthly average Pb level in TSP 
decreased with distance from the smelters and was higher in summer (0.4 to 1 µg/m3) than 
in winter (0 to 0.2 µg/m3) in winter. The TSP values were generally at least twice the 
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concentration of Pb in particles less than 10 µ in diameter (PM10) near the smelters, but the 
difference (and quantities) decreased as the distance increased, as would be expected if the 
larger particles were preferentially deposited. The higher summer results are consistent 
with the coarser particles being largely derived from surface mining activities. Taylor et al. 
(2010) did not use these data to calibrate their simplistic air distribution model which 
assumed all Pb emissions identified in the NPI occurred at one point; none of the Pb would 
precipitate from the plume; and the AQC system had no effect. As a result their model 
greatly exaggerated the annual average Pb content of air and incorrectly indicated that the 
mine exceeded its statutory requirement in the urban area. They compounded the 
confusion by applying the urban standard to a predicted maximum air Pb concentration of 
>100 µg/m3 which were predicted outside the urban area. Taylor et al. (2014) made a 
meaningless comparison between monthly maximum 24 hour averages and a National 
Environmental Protection Measure for Air standard of 0.5 µg/m3 averaged over 12 months.   
 
Actual annual dust deposition measurements from 11 sites for 2003 to 2007 (EPA, 2008) 
decreased markedly with distance from the smelters. At one site within the mining lease 
about 300 m from the Pb smelter the rate exceeded 700 mg/m2/yr. In the urban area at 
distances of 1 - 1.5 km, 2 - 3 km and >3.5 km from the Pb smelter the rates were 200-400,  
50-200 and <50 mg/m2/yr respectively. The 100 mg/m2/yr contour (Figure 10) lies near the 
western limit of the urban area and if deposition has averaged that rate since 1931, 8.6 g of 
Pb would have been deposited on every square metre of soil. If that Pb remained in the top 
2 cm of the soil, it would have increased soil Pb concentrations by about 200 mg/kg above 
the background. As this exceeds 80% of the actual soil measurements of Taylor et al. (2010) 
within 200 m of this contour, it is probable that some deposited Pb has been removed from 
the soil by wind or water (or past deposition rates were lower). Noller et al. (2017, Figure 
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75) showed that 208Pb/204Pb correlates with the inverse of Pb concentration in garden soil, 
suggesting that dust from the mine area has been retained in the soil. The PM10 fraction of 
the soil shows the highest concentration. They also cited several studies that showed that 
dust can be resuspended in air. However, water runoff after heavy rain events is more likely 
to have removed Pb particles (see section 3.8.2).  
 
Parry (2000) showed that the Pb content of PM10 suspended in air decreased with distance 
from Mt Isa. At three sites 20, 53 and 100 km to the northwest of Mt Isa the mean Pb values 
were 27, 12 and 4 ng/m3 respectively, although winter values were commonly more than 10 
times as high as summer levels. From this trend, isotopic ratios and SER data for soil, he 
concluded that airborne contamination from the smelter was affecting the topsoil at 
distances up to 50 km to the northwest. He did not consider that the SER and isotope 
variation could be, at least partially, due to other natural effects. This is despite his data 
showing SERs of 1.1 to 1.6 at almost every site between 50 and 150 km from the smelter 
suggesting that at least part of the surface enrichment may be due to groundwater 
movement (see section 3.7.3). The SER may also reflect prolonged erosion of the orebodies 
(see section 3.5.1). Another factor was the particularly low isotope ratios in the subsoil at 
some sites which may reflect minor uranium mineralisation which is common in the 
environs of Mt Isa (Derrick et al., 1977; Hill et al., 1975). As these ratios are much lower than 
those of the natural dust in this region, any deposition of dust would raise surface Pb 
isotope ratios at these sites even if there was no Pb mining. There were also anomalies in 
the isotopic data for airborne Pb at the reference site, 50 km east of Mt Isa, which had 
higher ratios than dust collected along the centre line of the smelter emission plume (Parry, 
2000). There is no obvious explanation for this but it may relate to a local Th anomaly.  
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The air component of the Lead Pathways Study (Noller et al., 2017) examined potential 
exposure of children to Pb through various airborne pathways. It identified the likely 
sources including the mine and smelters, historical mining sediments, urban activities and 
natural mineralisation. They found that approximately one third of the dust fallout in the 
city was Pb sulfide which most probably came from mining rather than smelting or other 
processes. The influence of natural mineralisation could vary widely. Noller et al. (2017, 
Figures 67 and 68) concluded that house dust was a mixture of goethite-rich material from 
soil and galena from mining.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10.   Smoothed contours showing Pb deposition (in mg/m2/year) derived from 
averaged measurements at 11 sites during 2003 -2007 (EPA, 2008) and 2005 meteorological 
data using CALMET/CALPUF models. The Pb and Cu smelters are indicated by stars. The 
sectored circles mark the measurement sites. 
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3.7.2 Surface water redistribution of Pb  
Although tailings were not discharged directly to the Leichhardt River in the 1940s and 
1950s (c.f. Noller et al., 2009), there were spills in the 1940s from the tailings dams shown in 
the 1933 mine process flowchart (Berkman, 1996) and a 1935 aerial photo of the site (MIM, 
1973). An aerial photo of the site in 1950 (Berkman, 1996) shows a later tailings dam that 
was breached by heavy rain in 1954, resulting in contamination along Star Gully that was 
removed in 1990. Further contamination (including an analysis containing 20 930 mg/kg Pb) 
was detected where the Gully enters the Leichhardt River by Noller et al. (2012) in 2009. 
Since the 1960s all tailings have been stored in dams within the quartzite ridges to the west 
of the mine and there has been continuing improvement of water management on the site. 
 
Parry (2000) measured particulate and dissolved Pb in surface water runoff that was 
collected at the beginning and end of the 1997-98 ‘wet season’ from 25 sites near Mt Isa. 
They found that particulates (>0.45 µm) contributed between 50 and 80% of the Pb in most 
samples and that samples taken late in the wet season were typically lower, in some cases 
as low as 10% of the earlier samples. At distances <5 km from the smelter, they found >30 
µg/L Pb in particulates and 9 to 119 µg/L in solution and at distances >20 km these 
concentrations decreased to 1-5 µg/L and 1-2 µg/L respectively. Noller et al. (2012) analysed 
water from the Leichhardt River and several tributaries up to five times between 2008 and 
2010. During the wet season, water from all sites (except tributaries from mining areas) 
typically contained less than 5 µg/L total Pb, of which 20 to 50% was probably in solution 
(because it passed through a 45 µ filter). The low solubility is attributed to the high pH 
(Noller et al., 2012, Table 56). The concentration of Pb typically increased during the dry 
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season (with one waterhole reaching 158 µg/L) but surprisingly the percentage in solution 
generally decreased to <20% indicating that Pb in, or attached to, particles was remaining in 
suspension.  
 
Parry (2000) also provided Pb isotope measurements for particulate samples from all 25 
sites and filtrate samples from 14 sites. The 208Pb/206Pb ratios for particulate and dissolved 
Pb ranged from 1.3649 to 2.2287 and from 1.2471 to 2.2276 respectively. The high values 
indicate the influence of some localised sources rich in Th. The extremely low ratios are 
from a site 50 km east of Mt Isa and appear to have been affected by local U mineralisation. 
The next lowest ratios were 1.9753 and 1.9899 from a site 98 km west of Mt Isa where the 
runoff also had high Pb concentrations that were inconsistent with the low topsoil Pb 
concentration and the low probability of smelter emissions affecting the area. This and two 
other sites which also had very high Pb concentrations, indicate that other unidentified 
factors are affecting Pb distribution. 
 
Noller et al. (2012) analysed water samples from 10 sites in the Leichhardt River; seven 
tributaries; and two sites in Lake Moondarra five times between 2008 and 2010. The water 
generally contained <3 µg/L of Pb except towards the end of the dry season when 
evaporation raised the concentrations of Pb. In one waterhole in the River, levels rose to 
158 µg/L (unfiltered sample) and 6 µg/L ( filtered sample, <0.45 µm ). Tributaries from the 
mine site typically recorded between 100 and 450 µg/L of Pb while water from the urban 
area typically contained <4 µg/L of Pb. The Pb concentrations in filtered samples were 
significantly lower than total lead concentrations indicating that lead was primarily in the 
particulate fraction at all sites. Generally, lead becomes much less soluble with increasing 
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pH (> 6) of the water (Chester et al., 2000). The neutral or slightly alkaline water in the 
Leichhardt River therefore inhibits dissolution of Pb (Noller et al., 2012). 
 
The current Australian Drinking Water Guidelines (NHMRC/NRMMC, 2016) provides a 
guideline for Pb at 10 µg/L. The Australian Water Quality Guidelines (ANZECC/ARMCANZ, 
2000) set the limit for recreational use at 50 µg/L Pb and provide several trigger values for 
aquatic species protection (e.g. 3.4 µg/L for 95% protection). Noller et al. (2012) indicated 
that these triggers were calculated for much softer water and used actual toxicity 
measurements to calculate a locally appropriate trigger value of 40 to 91 µg/L.  
 
 
3.7.3 Groundwater transportation of Pb 
The Queensland Irrigation and Water Supply Commission conducted a drilling campaign 
between 1952 and 1956 to establish the groundwater potential within Mt Isa. Alluvial and 
sub-artesian fractured-rock aquifers underlie the town area and have generally limited 
production capacity. The groundwater in these aquifers is apparently of reasonable quality 
as at least 30 bores have been registered by residents and the local government to water 
lawns and for dust suppression. There probably is some recharge of these aquifers from the 
Leichhardt River and its tributaries even though these streams only flow for a few days after 
short periods of heavy rain between December and February. The main recharge is from 
surface infiltration of part of the relatively low annual rainfall. The net evaporative loss 
causes much of the infiltration to return to the surface because of capillary action. This 
upward moving water contains salts from the soil profile and redeposits them at or near the 
surface when it evaporates. This process results in white powdery efflorescence comprising 
mostly Ca and Mg sulfates and carbonates in parts of the urban area. The efflorescence 
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commonly contains high levels of Pb if the subsoil or bedrock has high levels of Pb 
(unpublished analyses by Mt Isa City Council, pers. comm., E. Prickett, 1990).  
 
The mine operations have lowered the water table of an aquifer in the Urquhart Shale to 
the west of Mt Isa by several hundred metres from a pre-mining level that was probably 
about 40 m below the bed of the Leichhardt River near the base of completely oxidised ore 
(Fawkes and Mathias, 1971). The water quality in a similar aquifer north of the Hilton mine 
was generally poor and characterised by very high conductivity (>6000 mS/cm), high sulfate 
(2000-4000 mg/L), slight alkalinity (pH of 7 to 8), and variable Pb (up to 50 µg/L) (Dames and 
Moore, 1998). 
 
Noller et al. (2012) showed that seepage from the tailings dams to the west of the mine, 
which is captured in seepage ponds, contains 3 to 30 µg/L Pb. It is pumped back to the 
tailings dams to prevent off-site environmental harm. Seepage to groundwater is monitored 
through a series of groundwater bores (Xstrata, 2012). Where possible, stormwater is 
captured and used in the mine operations to reduce consumption of potable water supplies. 
Implementation of a site water balance model has improved surface and ground water 
management since 2010.  
 
 
3.7.4 Anthropogenic transportation of Pb 
In addition to dust and emissions from the mine area, humans have added Pb to the urban 
area in various ways. Waste rock, especially from the Black Rock opencut mine, has been 
used as fill in the urban area and for revetment structures in the river, since the 1950s. The 
use of contaminated sand from the river bed and ‘take-home’ Pb were discussed in section 
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3.5.3. Although the addition of Pb to paint and petrol has been phased out, paint could pose 
a hazard in older houses. 
 
3.8  Human effects of Pb 
 
Pb is toxic to life and of particular concern in regard to young children where it may affect 
the brain and nervous system. The level of concern in the USA and Europe was about 60 
µg/dL in the 1970s but has rapidly decreased. The mandatory notification level (in µg/dL) for 
BLL in Queensland was reduced from 25 to 15 (in 1983); to 10 (in 2008); and to 5 µg/dL (in 
2014). The Australian National Health and Medical Research Council (NHMRC) reduced the 
BLL for investigation of the source of Pb exposure from >10 µg/dL to >5 µg/dL despite 
noting that there ‘is insufficient evidence to conclude that lead at this level caused any of 
the health effects observed’ (NHMRC, 2016). Wilson and Wilson (2016) documented 
reasons for that doubt. No cases of clinical Pb poisoning of children from Mt Isa have been 
published and very few children have been treated for elevated BLL. More than 95% of the 
children <5 years old in Mt Isa in 2010 met the then current investigation level. As the 
notification level has been reduced to 5 µg/dL, more homes are likely to be investigated, 
providing more information on the exposure pathways. Past experience in Mt Isa has shown 
that removal of contaminated soil and sand reduced the BLL of children. Improved 
community awareness through the Living with Lead program has continued this trend.  
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4. Conclusions 
 
The detailed geological, geochemical and isotopic studies of the MII have provided a good 
understanding of the palaeogeograpy of the Isa Superbasin and how the Pb orebodies were 
formed. Stratigraphic layers only centimetres thick that are rich in Pb are well documented 
beyond the orebodies, and exist under the urban area. Several cycles of erosion have 
removed many kilometres of rock (including part of the orebodies) and allowed extensive 
weathering of the ore during the last 20 Ma. Sulfides near the surface have been oxidised to 
form large ferruginous gossans above the Pb orebodies and thin ferruginous bands with high 
concentrations of Pb above thin isolated sulfide layers.  
 
The Pb content of soils in the MII is significantly influenced by the Pb content of the 
underlying rock and Pb is typically enriched in the upper soil horizon and duricrust. Thin 
residual red duplex soils, gravelly loams and minor alluvial soils are most common in the 
urban area and have a median Pb content of <80 mg/kg Pb. The levels are typicallyabout 20 
mg/kg in the east of the urban area and increase to the west with levels >300 mg/kg Pb 
being common to the west of the Leichhardt River. This increase reflects the concentration 
of Pb in the bedrock which also increases to the west. Soils developed above thin sulfide 
layers may contain >1000 mg/kg Pb.  
 
The Pb isotope ratios of subsoil become more similar to Mt Isa Pb ore ratios as Pb content 
increases. The topsoil generally has higher Pb content and higher 208Pb/206Pb ratios than the 
subsoil. This is partly due to upward transport of Pb in solution and fixing of Pb in hydrated 
oxides and organic matter. Topsoil has also gained Pb through the deposition of dust. 
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Studies such as Parry et al. (2000) and Mackay et al. (2013) which relied on Pb isotopic ratios 
could not distinguish between Pb dispersed by mining/smelting; Pb transported by wind 
from the weathered orebodies; and Pb from sulfide mineralisation in bedrock in the urban 
area. The synchrotron mineral studies of Noller et al. (2017) provided evidence of both 
weathering products and smelter products occurring in garden soils and house dust, but 
could not resolve whether the weathering products were derived from the mine area or 
local mineralisation in the bed rock.  
 
There is no doubt that Pb from the mine has been distributed over the surrounding areas 
since 1923 but a similar dispersal pattern has probably existed for much of the last 20 
million years resulting in deposition of isotopically identical Pb from the weathering orebody 
over the same area. As the prevailing winds are predominantly from the southeast, they 
blow emissions away from the urban area for about 90% of the year, and since 1972, the 
AQC system has further reduced emissions reaching the urban area by shutting down the 
smelters when wind is from the west. The five company air quality monitors and two sites 
operated by the State government show that the Pb content in air meets the regulatory 
standards set for the operation and Noller et al. (2017) has shown that these levels in air 
would produce less than a 0.1 µg/dL rise in BLL through inhalation and contribute only one 
or two percent of the total Pb exposure. Furthermore, air emissions from the mine area 
cannot explain the irregular distribution of elevated BLL across the urban area.  
 
Noller et al. (2008; 2012; 2017) examined potential exposure pathways in detail. They 
attribute most of the Pb exposure to ingestion of soil or dust. Some soil contains Pb derived 
from rocks containing layers of natural mineralisation and this is evident in the variation of 
soil analyses from individual properties. The Queensland Health audits found at least one 
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sample that exceeded the domestic HIL at the homes of almost half children with elevated 
BLL. Soils with higher Pb content may exist at other properties as typically only 3 samples 
were taken at each house. More detailed sampling and assessment of the bioaccessibility of 
the Pb in the soil would be needed to evaluate the actual health risk at each site. Improved 
house cleaning and personal hygiene have rapidly reduced the BLL of some children in Mt 
Isa, supporting the importance of factors other than airborne Pb from the mine area as the 
major cause of elevated BLL. 
 
The Pb in deposited dust in the urban area has isotopic ratios similar to the Pb ore while the 
ratios in suspended particles in the urban area show a significant amount of mixing with 
more radiogenic Pb from unmineralised older rocks. Similar mixing occurs in garden soil and 
dust within houses. Mackay et al. (2013) proposed that the difference in isotopic ratios 
between topsoil and subsoil from their pits could only be caused by surface contamination 
from the mine and smelter, but they had not considered dispersal from the eroding 
orebodies or the possible effect of groundwater movement. Their argument that bedrock 
could not be the source of the Pb in their dust and aerosol samples was flawed as they had 
analysed two unmineralised rocks which would contribute little Pb to the soil and its 
isotopic ratios would reflect the detrital Pb and additional radiogenic Pb. Noller et al. (2017, 
Table 51) showed there was a significant difference between the Pb isotopes in mineralised 
and unmineralsied rocks from the MIG and the former were very similar to Mt Isa Pb ore.  
 
Kristensen and Taylor (2016) claimed that government and mining companies made false 
statements such as: ‘contaminants are naturally occurring, the wind blows emissions away 
from residential areas, contaminants are not bioavailable, or the problem is a legacy issue 
and not related to current operations’ to downplay exposure risks and company 
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responsibilities. They called this the ‘Miner’s Myth’. The current paper has shown that at Mt 
Isa none of these statements are mythical. The common reluctance to accept that natural 
sources could contribute significant amounts of Pb to the atmosphere or surface layers of 
soil was discussed by Rasmussen (1996). Taylor et al. (2014) argued that government had 
misled the public by use of non-regulatory standards and was failing to police its 
regulations. Wilson (2015) rebutted their arguments and drew attention to their use of 
inappropriate statistical modelling, comparisons of 24 hour average air quality data with 
standards based on annual averages and their comparisons of Pb analyses of finely sieved 
(<180 µm) samples with an HIL calculated for <2 mm fractions.  
 
The relatively low levels of Pb in soil at Mt Isa are remarkable considering the proximity of 
the major mine and smelters. The prevailing wind and low but intense rainfall are significant 
reasons for the manageable levels of contamination in the urban area. Improved 
management of the mine operations and implementation of the AQC system have also 
minimised contamination. This paper has focussed on the origin of Pb in soil at Mt Isa and 
has shown that soil is a potential cause of the irregularly distributed exposure to Pb. Noller 
et al. (2012; 2017) have investigated other potential sources of Pb in the area in greater 
detail and established its biological availability which is a major consideration when 
evaluating health risks. Despite the importance of local sources of Pb exposure, efforts to 
minimise Pb emissions from smelters and fugitive Pb from mining, transport, processing, 
stockpiles and waste disposal areas should continue.  
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